requiring trimming, termed dolichocilia, when compared to individuals with the most frequent mutation (p.Gly12Ser). Interestingly, two of these 12 individuals showed loose anagen hair (LAH), an ectodermal condition characterized by easily pluckable, sparse, thin, and slow growing hair with abnormal hair bulb. This hair abnormality is considered a hallmark of another RASopathy-Noonan syndromelike disorder with loose anagen hair (NSLAH) (Cordeddu et al., 2009 ).
We report on the clinical findings of five CS individuals harboring a rarer mutation in codon 13 (p.Gly13Asp) and review the phenotype described in another five individuals reported in the literature, in order to delineate the phenotypic spectrum.
| PATIENTS AND METHODS
Patient 1 was identified clinically and consent was obtained to share the information and images. To perform the molecular analysis (Sanger sequencing), the patient was enrolled in an ongoing clinical and molecular study of individuals with RASopathies, approved by the local institutional review board (Hospital das Clínicas da Faculdade de Medicina da Universidade de São Paulo-CAPpesq # 0843/08).
Patients 2-5 were enrolled in an IRB approved research study (Nemours #2005-051) . Molecular studies were completed in a clinical diagnostic laboratory or performed as previously published (Gripp et al., 2006) . Clinical data were obtained through parent interview and documentation was obtained as possible. Signed consent was obtained in order to publish images.
We reviewed the phenotypic description of CS individuals with the HRAS p.Gly13Asp mutation reported in the English language literature, as well as available photographs.
| Clinical reports 2.1.1 | Patient 1
This 13 year-old girl was the first child of healthy and nonconsanguineous parents. She had a younger healthy sister. As a neonate, she developed respiratory distress requiring mechanical ventilation, and hypoglycemic episodes, which resolved with glucose infusion. She was released from the hospital after 13 days. An echocardiogram revealed pulmonary hypertension, patent ductus arteriosus, and patent foramen ovale. She had swallowing difficulties and slow weight gain, requiring tube feeding for 5 months. At the age 1 year, her weight was 6 kg (well below the 5th centile). She had motor developmental delay with sitting unsupported at 1 year, walking independently and saying first words at 2 6/12 years. She attended a regular school, with learning difficulties only in Mathematics. She has been evaluated by a cardiologist and her most recent echocardiogram and electrocardiogram showed no abnormalities.
She never had arrhythmias. At age 3 years, she had an abnormal increase of her OFC and cranial CT scan showed hydrocephaly, requiring ventriculostomy. At age 12, brain MRI disclosed Chiari I abnormality, syringomyelia, and microgyria in the occipital region. No abnormal EEG discharges have been observed. Two other surgeries were performed:
Achilles tendon release at 6 and correction of the palpebral ptosis at 7 years; the latter, without resolution of the ptosis. Ophthalmologic evaluation disclosed, besides palpebral ptosis, optic nerve hypoplasia, nystagmus, and myopia. She had short stature, but never received growth hormone therapy. At age 10, she developed lower limb edema and a vascular evaluation showed greater saphenous vein insufficiency. She used compression stockings. At age 9, she developed a hemangioma in her neck, which was surgically excised and, at 12, she developed perinasal and external ear canal papillomata. A rapid, progressive scoliosis developed at adolescence. She always had slow growing hair, not requiring a haircut.
Long eyelashes were evident in infancy and childhood, but never required trimming. She had a hoarse voice. Ophthalmologic evaluation disclosed myopia, nystagmus, and optic nerve atrophy.
A clinical diagnosis of Costello or cardiofaciocutaneous syndrome was made at 5 years. G-banded karyotype was normal.
At the age 13, when evaluated at our center, her clinical features were compatible with the diagnosis of a RASopathy. Among the distinct disorders within this group, the presence of slow growing hair, associated with hoarse voice and Chiari I in cranial MRI in this patient, favored the diagnosis of Noonan-like/LAH. Initially the recurrent p.Ser2Gly mutation in SHOC2 was tested and excluded. Following the investigation, the heterozygous variant c.38G>A (p.Gly13Asp) in HRAS was found and the diagnosis of Costello syndrome established.
| Patient 2
This 28 year-old man ( Figure 1E 
| Patient 3
This 6 year-old girl ( Figure 1I and J) was born by repeat cesarean at 35 6/7 weeks gestation after a pregnancy complicated by polyhydramnios and non-immune fetal hydrops to a 45-year-old mother and a 47-year-old father. She required intubation with significant support including high frequency jet ventilation for respiratory distress and pleural effusions.
Cardiac echography showed biventricular hypertrophy in the neonate and propranolol use resulted in improvement by age 18 months. Feeding difficulties resulted in placement of a gastric feeding tube, which was still used at age 6 years to supplement her fluid intake. Her motor development was delayed (Table 1), but she was very social and had mild intellectual and learning disabilities. At age 6 years, foot position abnormalities and tight Achilles tendons were becoming more prominent.
She had papillomata in her external ear canal and below her nose and hyperkeratosis on her soles. Hair remained very slow growing and short.
| Patient 4
This girl ( Figure 1K and L) was born to 35-year-old mother and a 32-year old father of Scandinavian ancestry. The pregnancy was complicated by polyhydramnios and severe maternal pre-eclampsia, resulting in delivery by cesarean at 37 weeks gestation. Pleural effusion resolved without intervention. A facial hemangioma was treated with propranolol. Mild hypertrophic cardiomyopathy and a narrow aortic root were noted on the neonatal echocardiography but resolved without intervention. A weak suck and persistent feeding difficulties resulted in placement of a g-tube at age 13 months. Brain and spine imaging studies had normal results. Her development was delayed with standing at 22 months and walking independently at 2.5 years. At age 3 8/12 years she used short sentences with difficulties in pronunciation and remained almost exclusively G-tube fed.
| Patient 5
This girl was born after a pregnancy complicated by late polyhydramnios to a 32-year-old mother with a history of childhood epilepsy and a 34-year-old father with rheumatoid arthritis, both parents were of North European ancestry. Two older and one younger sibling were in good health. Several tufts of darker hair were noted in the neonate and considered to present hyperpigmented moles. A weight loss of about 450 g occurred postnatally. Otherwise, she had a normal perinatal course and fed without difficulties. A cardiac murmur led to a cardiac echography at age 2 months, with normal results. A re-evaluation through cardiology at age 13 months resulted in her being discharged from further re-evaluations. At age 4 months, failure-to-thrive with difficulty gaining weight developed. Endocrinology evaluation reportedly showed delayed bone age, and a low growth hormone level at age e 1 year which normalized subsequently. She never received supplemental feeding through a feeding tube, growth hormone or other medication for her mild failure to gain weight. During adenoidectomy and pressure equalizing tube placement at age 2 years, a bifid uvula was noted. Her motor and cognitive development was age appropriate and she was completely toilet trained at age 22 months. At age 3 years 11 months, her OFC was 51.5 cm, height 103 cm, and weight 14.6 kg.
Sparse scalp hair described as brittle and slow growing, with few interspersed regions of longer, straight, and typical appearing brown hair ( 
| Molecular analysis of buccal and hair root samples
Buccal and hair root samples were collected in 600 μl cell lysis and processed for DNA using the Puregene Tissue kit (Qiagen) following the buccal brush protocol. Hair samples were supplemented with an additional 10 μl proteinase K and 30 μl 1 M DTT during lysis at 55°C.
Sample DNA was PCR amplified for a 649 bp discreet region of HRAS containing exon 2 with primers 5′-ACCTGTTCTGGAGGACGGTAA-3′
and 5′-CCTCTAGAGGAAGCAGGAGACA-3′, using an annealing temperature of 62°C. Sanger sequencing was performed in both directions using the BigDye Terminater v3.1 Cycle Sequencing Kit (ThermoFisher Scientific) and analyzed on an ABI3130XL Genetic Analyzer.
Sequencing results confirmed the HRAS mutation reported by
Baylor Genetics and was consistent with somatic mosaicism in the buccal sample, which showed more wild-type alleles than mutant ( Figure 2F ). DNA isolated from blond hair was heterozygous for the mutation while DNA from brown hair was only wild-type ( Figure 2F ).
The mutation was not found in parental samples.
| Literature review
We identified five individuals reported in the literature harboring the p.
Gly13Asp (Aoki et al., 2005; Digilio et al., 2008; Limongelli et al., 2008; Takahashi and Ohashi, 2013 ). The female patient described by Aoki et al. (2005) was reevaluated at age 18 years (Abe et al., 2012) .
Photographs were available for the patients reported by Digilio et al. 
| RESULTS
Phenotypic characteristics in our cohort and the five individuals reported in literature are detailed in Table 1 , displaying absolute and relative frequencies of each variable. Facial photographs of the four patients reported here in detail are depicted in Figure 1 and patient 5, in Figure 2 .
Comparing the clinical findings in individuals with HRAS p.
Gly13Asp to those with HRAS p.Gly13Cys and p.Gly12Ser (Table 1) , we observe that several cardinal characteristics of CS showed a frequency of 50% or more in all three groups, such as prenatal (polyhydramnios) and perinatal complications (feeding problems, often requiring tube feeding), high birth weight and OFC, failure to thrive, developmental delay/hypotonia, and cardiac abnormality. On the other hand, the facial features, associated with ectodermal abnormalities, especially the hair pattern, seem to be more uniform in individuals harboring mutations in the HRAS residue 13 (p.Gly13Cys and pGly13Asp), although sparse hair is frequently observed in the three groups. Interestingly, no malignant tumors have been reported in these two groups of individuals, contrasting to the increased prevalence (12%) in individuals harboring the HRAS p.Gly12Ser.
| DISCUSSION
RASopathies constitute a group of disorders sharing phenotypic overlap. In some of these disorders, genetic heterogeneity is evident, as is the case of Noonan syndrome, the most prevalent RASopathy associated with more than ten different genes. On the other hand, CS and NSLAH are caused by mutations in HRAS and SHOC2, respectively (Aoki et al., 2016) . Before the employment of next-generation sequencing (NGS) in a diagnostic setting, the precise delineation of the phenotype was essential for a more directed molecular analysis. In the last decade, NGS allowed the simultaneous study of gene panels, such as genes responsible for the RASopathies, identifying the molecular basis of a specific RASopathy more easily and faster. Still, phenotypic delineation of each RASopathy and its genotypephenotype correlation is important in order to most accurately tailor medical care, therapeutic intervention and genetic counseling to the individuals needs.
The mutational spectrum in CS is narrow. The vast majority of mutations affect the residue p.Gly12, mainly p.Gly12Ser (71%), followed by p.Gly12Ala (9%) and the residue p.Gly13, especially p.Gly13Cys (6%). Other mutations reported in more than two individuals in residue 12, includes p.Gly12Cys (2.5%), p.Gly12Asp
(2%), and p.Gly12Val (2%) (Giannoulatou et al., 2013) . Rarer mutations in other residues have been described occasionally and the associated phenotype could differ from that observed in individuals harboring the p.Gly12Ser HRAS mutations. Amino acid substitutions in residue 12
other than the common p.12GlySer have been associated with a more severe phenotype, with lethal outcome caused by cardiac compromise, whereas mutations in other residues, such as p.Thr58 and p.
Gly60, often cause an attenuated phenotype (Gripp et al., , 2015 Lorenz et al., 2012) .
The small number of individuals harboring HRAS p.Gly13Asp mutation and lack of a systematically exploration of the clinical features in all reports preclude a robust analytical approach comparing our cohort and the groups of individuals harboring the other HRAS p.Gly13Cys and p.Gly12Ser mutations. Nevertheless, Table 1 shows that the patients with HRAS p.Gly13Asp frequently present with perinatal abnormalities (data from seven individuals, note somatic mosaicism in patient 5): Polyhydramnios and/or fetal hydrops (4/6), premature labor (3/7), high birth weight (4/7) and head circumference (3/4), hypoglycemic episodes (4/6), and feeding difficulties (5/6), commonly requiring nasogastric tube and/or gastrostomy (4/5).
Perinatal abnormalities can be observed in all RASopathies, but are more prevalent in CS, with hypoglycemic episodes having the greatest specificity for CS (Myers et al., 2014) . Failure-to-thrive was universal and short stature (Z-score of >2SD) was observed in six out of eight individuals, one of them with growth hormone deficiency. The craniofacial features described as typical in CS include relative macrocephaly, coarse facial features with curly and sparse hair, prominent epicanthal folds, long eyelashes, full nasal tip, fleshy ear lobes, and a wide mouth with full lips . We identified a different facial profile in the individuals harboring the HRAS p.Gly13Asp, which is most evident in individuals 1 and 3 (Figure 1 ), and recognizable in the photographs of the patient reported by Limongelli et al. (2008) . The craniofacial features include macrocephaly (absolute in 2/7 and of prenatal onset in 3/4); very short, uncombable, sparse hair; less coarseness of the facial features, although full lips and a wide mouth remain; wrinkled inferior palpebral skin, probably secondary to the skin laxity. The decreased coarseness of the facial features and the hair abnormality was also noted by Gripp et al. (2011) in the patients harboring the HRAS p.Gly13Cys mutation.
Among the ectodermal findings, the hair in the typical CS individuals is usually sparse and curly. Although poor hair growth has been reported in these individuals, the extent observed here is not common (Siegel, Mann, Krol, & Rauen, 2012) . The effect of this mutation on hair is very clearly demonstrated through the analysis of the roots of the long brown "typical" appearing hair and its comparison to the short, blond and sparse appearing slow growing hair in patient 5 (Figure 2) . The typical brown hair with normal growth did not show the mutation in its roots, whereas the mutation accounts for approximately 50% of the alleles in the blond hair roots. This demonstrates the somatic mosaicism within the patient, as well the direct correlation between the hair structure and the mutation.Notably slow growing hair, not requiring haircuts, has been occasionally described in CS, mainly associated with HRAS p.Gly13Cys mutations (Gripp et al., 2011 observed only in patient 1 in our cohort. Macrocephaly was prevalent in this group, but was not associated with crowded posterior fossa. As the number of individuals that had a formal CNS evaluation is small, it is too early to conclude that this group shows fewer CNS abnormalities.
It is important to consider the somatic mosaicism in patient 5 in the context of her normal developmental milestones. Among the skeletal abnormalities, severe scoliosis was observed in the two older patients in our cohort, an orthopedic problem that should be closely monitored.
A serious medical concern in CS individuals is the increased risk for cancer. HRAS is a proto-oncogene, in which somatic mutations usually affecting codons 12 and 13, are responsible for several types of cancers. Among the RASopathies, CS shows the highest malignancy risk, especially for embryonal rhabdomyosarcoma, leading to the establishment of a tumor screening protocol (Gripp, 2005; Kratz et al., 2015) . Kerr et al. (2006) showed a higher tumor risk in individuals harboring HRAS p.Gly12Ala, rather the commonest p.Gly12Ser.
Biological assays suggest that the transforming potential of HRAS is dependent of the location of the amino acid substitution (Fasano et al., 1984) . Benign tumors, such as papillomatas and/or vascular proliferative lesions, have been observed in five individuals harboring the p.
Gly13Asp HRAS mutation. The prevalence of papillomatas is similar to the individuals with p.Gly12Ser HRAS. On the other hand, no patient reported or reviewed here with a mean age of approximately 9 years, presented a malignant neoplasm, similar to the individuals harboring the p.Gly13Cys mutations in HRAS (Gripp et al., 2011) . Although a preliminary impression favors the possibility that individuals with mutations in residue p.Gly13 have a lower cancer risk compared to those with mutations affecting the p.Gly12, the number of reported individuals (N = 21) is too small and the cohort is young to draw a definitive conclusion. Description of further patients, with long-term follow-up, is required. In the meantime, we suggest that the screening tumor protocol proposed for CS should be applied to all individuals with this diagnosis, independently of the identified mutation. 
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